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Introduction 

Phospholipid spherules composed of lipid bilayer membranes entrapping a central 
aqueous core were first described more than 30 yeare ago (Bangham et al 1965). The 
term liposome was coined in 1968 (Sessa & Weissmann 1968) and the first suggestions 
that these vesicles might have potential as vehicles for targeted drug delivery for a range 
of diseases, including cancer, appeared shortly afterwards (Gregoriades et al 1974; 
Gregoriades 1976a, b). However, the process of turning this expectation into a clinical 
reality has suffered a number of setbacks and has taken more than a quarter of a 
century. In the process, new types of liposomes with favourable in- vivo pharmaco- 
kinetics and biodistribution patterns have been generated (Lasic & Papahadjopoulos 
1995). Many of these preparations have been subjected to extensive examination 
and an increasing number of agents haves entered clinical trials. In this review, we will 
trace;: the (development of those liposomes that are currently undergoing |(or are about 
to undergo) clinical evaluation. 

The mechanism of tumour targeting by liposomes 

The ability of liposomes to localize effectively to tumours is a somewhat enigmatic 
property. Even in the absence of tumour cell-specific ligands attached to their surface, 
liposomes will localize to tumours. In this sense, it is generally accepted that liposomal 
tumour targeting is a passive function and depends largely on the number of times that 
an individual liposome; passes through the vascular network within a tumour. It is well 
recognized that the blood vessels in a tumour are abnormally leaky as a result of 
significant structural aind functional anomalies. This leakiness and the co-existing lack 
of a fully functional system of lymphatic drainage are thought to account for the 
extravasation and retention of liposomes: within the tumour interstitium. Therefore, by 
altering the; physicochemical properties of a liposome, its ability to remain in the 
circul|ation (and hence; its likelihood of being deposited in the tumour) can! be altered 
Attempts to exploit this physicochemibal property of liposomes underlie the dei- 
velbpinfcnt of so-called long-circulating liposomes with extended circulation half-fives 
(see below). 

The history of liposome development 

The early development of liposomal therapeutics was beset by a number of problems 
(Martin 1997). Formidable difficulties were presented by the need to produce stable 
drug-containing liposomes in a reliable, reproducible way. The entrapment conditiras 
for any particular agent need to be optimized individually. Because liposomes can cai-ry 
drugs in one of three potential compartments (water-soluble agents in the central 
aqueous core, lipid-soluble agents in the membrane; peptides and small proteins at the 
lipid-aquedus interface), a diverse range of optimal encapsulation conditions may exist 
for different agents. Inj addition, the release kinetics; of the entrapped agents can vary, 
depending on the liposomal formuiati'on, and this can affect the therapeutic effr 
cacy. Therefore, development of agents for preclinical and clinical use cah be both 
laborious and expensive; in early in-yiyo studies, liposomes were shown to have, very 
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Figure 2 Schematic diagram of a conyeutioiiarmuMammelar vesicle. The magaified area shows the organization of the multiple repeated 
lipid bilayer membranes composed of phospholipid molecules and cholesterol. The aqueous phase occupies the space between the lipid layers. 
Lipophilic drugs can be entrapped in the lipid membranes and hydrophilic drugs can be contained in tie aqueous phase . 



short tirculatipn half-lives owing to rapid liposomal op- 
sonization by plasma proteins and phagocytosis by fixed 
tiis$Ue .m^rc£hages of the reticiiloeiidothelial system 
(RES). In additlidni lipid exchange with plasma hpbproteins 
can; destabili2^ liposomes aid lead to their Irupture, with 
rapid release ;of the entr^ed drug. Taken together* these 
various problems meant ■ that : tfce available liposomal for- 
mulations offered few advantages over the administration 
of the unencaps^ate4 drug. As a; result, the early clinical 
applications qf jipdsbmes; were largely! lirWed to situations 
in which targe! ting of the. RES wasUdvantageous (e (i g. 
treating sy^teniib protozoal andj finigal iiifection$)i (Adljn> 
Moore 1994; ^ : & ^Dermihg -1995 ;! Russo et : al 1996 ;: 
Preqtice etial 1997). : \ ' '■ • 

The first J br^kttopugh in the problem of the rapid 5 
clearance pf 'lipbsomes -from, the; tirculation cauie fromj 
studies correlating hpbsorne :i>ef^e^ 



idity and liposome size with the circulation half-life (Senior 
& Gregoriades 1982a; b). These;studies provided the back- 
ground for the development of some of the currently 
available conventional liposomes. In the search for lipo- 
somes with improved pharmacokinetic parameters,a num- 
ber of groups have evaluated trie effect of adding various 
components to the lipid membrane. Tins Work has been 
driven, in part, by the discovery that the stability of red 
cells in the blood is inediaied by their hydrophilic, sialic 
acid-rich glycpcalyx (Durocher et al 1975). By incorporat- 
ing (Afferent purified gjycolipids, a new. class of so-called 
steriqaBy stabilized liposomes has been generated and the 
ph^rii^kinetics and biodistrir^tion of these agents; have 
been evaluated; in-Hdyb in murine models (Allen & Chonn 
19&7). Significant enJ^denient pf circulation halMfe was 
achieved with a gangjioside (mpnosiaiogangjiQside <jM1) 
Extracted from -bovine brain tissue. Thi^ agerit wasrdbierned 
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Figure 3 Schematic diagram of a sterically stabilized liposome. The magnified area shows the organization of the lipid bilayer membrane arid 
the disposition of thepegyiateddistearoyl phosphatidylethanolarmne(MPEG^DSPE) poiymer molecules, which are attached to the membrane 
by a lipophilic fatty acyl anchor arid protrude from both the internal and external faces of the membrane. Only the external MPEG-DSPE 
molecules are represented in the schematic of the entire liposome. Drugs can be entrapped within the aqueous core of such liposomes. 



to be unsuitable for clinical use, a decision that has assumed 
added significance in the wake of the appearance of bovine 
spongiform encephalopathy ; and new variant Creutzfeld- 
Jakob | 'disease. At: about; the same time, hydrogenated 
phoshphatidyhnoisitol (HPI), a molecule extracted from 
soybean oil, was shown to achieve sirhiiar results to GM1 
(Gabizon: & Papahadjopdulos 1988). Unfortunately, the 
extraction of HPI proVed to be prohibitively expensive and 
its development was halted. A significant advance carne 
with: the diiscpvery that;Hposomes with methoxypolyethyl- 
ene glycol (N^ElGHprivatiied Upids in their membranes 
had prolonged circulation h^ could be readily 

produced jih large q^tities : (JCh al 1990; Allen & 

H^sein 1991; Papah^djopoulos et al 1991). : MPEG is 
ttibiight toj act % presiding ^ steric barrier against inter- 
actions with pl^ma ^rp^irisr^ such as opsonin^ andilipo- 
projt&ns, iand cell sluice receptors, such, that: pegylated 
liposomes] evade cfearaiice; by the RES (Gabizon ; 1994). 
Subsequent i^ewi ^ ^heiped;io define the Optimal 
forir^ula^ 
hp65bMfesr(tasic; 1$9G), 

jAitopu^i ^he;pol^biyfene glycol ;(PEG) barrier may 
h^ve;tenjejaciil effecltsin tprms of extending the circulation 
half-Jife kfid ihcrea?in|g the area unckjr the curve of drug 
exppkjre, jthere is sofae; evidence thit its presence may 
inir^^:jii^g feJeaM/^elivery to the target cefl;poputetion : . 
Attejinp^ tliis problem by £en- 

eiutiibri iipbsomeS ;^ gegyiated (Adlakha- 

Hii^^njejt a] ^9^tal\p^ky et al 1999). One system iises 
?fi^|$P^b^^ with jacyl chains cjf yary r 

^ If^tsi v&iigh h^t^^p:\itQ rate of exchange] pfjtte 
PI l ^l^^NH* 1 ^ ^^IQ lippsoine rhembrahe. I4 : effect; 

hcfw'^jgjt^ey :>vMr ^gylated (Acflalcha- 

H^tchijoti fetal l???Ri^^ uses Jffjfid 

attachield to t&e ^ !by hikers tHuttiare 



cleayable under mildly reducing conditions, such as those 
found within the tumour milieu (Zalipsky etal 1999). Such 
studies are likely to represent just the beginning of a trend 
towards rational design of the Components of the lipid 
menibrane in order to influence favoWaibly the; behaviour 
of liposomes in- vivo. 

Classification of liposomes 

There are a number of ways in which liposomes can be 
categorized. One scheme uses the simple -physical charac- 
teristic of lamellarity (the niunber of phbspholipid mem- 
bran^ layers) to divide liposomes into unilamellar vesicles 
(ULY) (figure 1) and multilamellar vesicles (MLV) (Figure 
2) (jjerez-Soler 1989). ULV have a single phospholipid 
bilayer membrane and a diameter of 0.05^.25 jitxi. These 
lipospmei ca^i be further split into small ULV (SULV) with 
a diajneter of 0.05-0.1 /an and large; ULV (pLULV) with a 



large 
to the 



diampter of 0.1-0.25;/<m. Because ULVf contain a 

central ar4ueo|us compartment; they areid^y suited 

ehca|sulajtion of water-soluble Agents. P&^iye drug encap- 
sulation is ajrelatively inefficient medb.pf loading these 
lipbsbmes an& more frequently* a ^a^eptHiriven system 
is Used tt> achieve efficient drug entrapment. MLV are 
composed of concentric phospholipid bilayer membranes 
in arjj: onion-skin arrangement and haV6 a diameter of 
1-5 /an. In cpdtrast to ULV, they only [contain a small 
aquepus (|;or4)artment (< 10%:), which ineans that they 
preferentially I entrap lipid-soluble dru^ "efficiently. This 
faqt? |s li|ely ;;to assume great importance; in the future 
be&itise anmflber of active cyfctbxic:drugs ate highly lipid- 
i property : that has i sometimes ihafnpered their 
cliniflal d^vel|fiment (j^land-Jpnes 1993),i 

^iaitdTiafiVe pldssificatibn. scheme has been proposed 
(Mj^jjjin 1^97); ;Thiis ^tegorizatipn djraWs £itij both physical 
and ^ysiblo^ical features of the lipbsbih^liformulatibhs. 
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Table 1 Summary of pre-clinical biodistribiitioii and pharmacokinetic studies using conventional liposomes in animal models. 



Liposome Tracer 



Tumour models 



Comments 



Reference 



SUV Doxorubicin 



SUV ,u In-NTA 



j-6456 (lymphoma) 



EMT6 



SUV 



Doxorubicin 



J-6456 (lymphoma) 



MLV 



NDDP 
CDDP 



B 16 (melanoma) 
VX2 (hepatic cancer) 



SUV Vincristine 



P388 (leukaemia) 
L1210 (leukaemia) 



MLV NDDP 



None 



SUV ,n In-NJA 

Daunorubicin 



P-1798 

(lymphosarcoma) 
MA16C (breast) 



There was decreased cardiac uptake 
with PS/PC/Chol and PC/Choi 
(but not DPG/PC/ChoI) liposomes 
with ho loss of antitumour efficacy 

This study compared the tumour 
targeting achieved by. various 
liposome formulations with neutral, 
positive and negative surface 
charge. The highest tumour and 
lowest RES uptakes were 
documented for neutral SUV 
composed of a 2: 1 ratio of 
DSPC/Chol. There was significant 
RES uptake of all formulations, 
although this was lowest for neutral 
liposomes 

There was increased liver/spleen 
uptake with PS/PC/Chol liposomes 
compared with the unencapsulated 
drug. Increased drug levels were 
documented in J-6456 cells isolated 
from the liver after liposomal drug 
delivery 

There was no difference in tumour 
uptake after intravenous injection 
of unencapsulated cisplatin or 
liposomal NDDP (MLV composed 
of a 7: 3 ratio of DMPC/DMPG) in 
a B16 melanoma model. There was 
significantly greater tumour uptake 
after intravenous and intra-arterial 
injection of the liposomal as 
compared with the unencapsulated 
drug in the VX2 model 
A comparison between egg PC/Choi 
and DSPC/Chol liposomes 
containing vincristine was 
performed. The LD50 of the 
DSPC/Chol preparation was 
significantly lower than that of 
unencapsulated vincristine 
The serum AUC after intravenous or 
intraperitoneal injection was 
significantly higher for liposomal 
NDDP compared with 
unencapsulated CDDP. The AUC 
in the peritoneum was greater after 
intraperitoneal liposomal NDDP 
compared with intraperitoneal 
unencapsulated CDDP 
Tumour deposition of in In-NTA and 
daunorubicin were 2.5 to 20-fold 
greater for liposomal compared 
with unencapsulated agents in both 
the P-1798 and MA 16C models. 
The tumour AUC was 10-fold 
greater for liposomal as compared 
with unencapsulated daunorubicin 
in the P-1798 model 



Gabizon et al (1982) 
Proffitt etal (1983) . 



Gabizon etal (1983) 



Khokhar etal (1988) 



Mayer et al (1990) 



Vadiei etal (1992) 



Forssen etal (1992) 
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Uposon 



TVacer 



Tumour models 



Comments 



Reference 



SUV 



SUV 



Daunorubicin 



67 Ga- or ni In-NTA . 
^Ga- or m In-deferoxamine 
^Tc-HMPAO 



P-1798 

(lymphosarcoma) 



Mouse sarcoma. 1 80 
Ehrlich tumour 



SUV 



Doxorubicin 



B16/BL6 
(melanoma) 
L1210 (leukaemia) 



SUV 



Doxorubicin 



C-26 (colon) 



There was a 2. 5-fold increase in the 
tumour AUC of liposomal as 
compared with unencapsulated 
daunorubicin 

This study was designed to define the 
optimal size and 

phosphplipid/cholesterol content 
for tumour targeting by SUV. For 
DSPC/Chol (ratio. 2 :1) SUV, the 
optimal size was found to be 
80-250 nm. The optimal 
phospholipid was DSPC and the 
optimal ratio of DSPC/Chol was 
l:lor2:l 

Maximum drug deposition was seen 
at 1 h and 48 h for unencapsulated 
and liposomal drugs, respectively. 
The tumour drug exposure was 
increased 2-3-fold (melanoma) and 
10-fold (leukaemia), respectively, 
for liposomal as compared with 
unencapsulated doxorubicin 

A comparison of liposomes 
composed of DSPC/Chol and 
DSPC/Chol/PEG-DSPE was 
performed. The plasma AUC was 
2-fold greater for pegylated 
liposomes, but the tumour AUC 
over 72 h was 1 .44-fold greater for 
conventional liposomes 



Forssen etal(1996) 



Ogihara-Umeda et al (1996) 



Harasym et al (1997) 



Hong etal(1999) 



AUC, area under the curve; CDDP, cwnUchlor^aninimeplatmum(II); Choi, cholesterol; DMPC, dimyristoylphosphatidylchbhne; DMPG, 
dimyristoyl phosphatidyjglycerol; DPG, diphbsphatidylglycerol; DSPC, distearoyl phosphatidylcholine; HMPAO, hexamethylpropylene- 
amine oxime;:LD50, close that causes death in 50% of animals; MLV, multilamellar vesicles; NDDP, m-bis-neodecanoato irans-RJl- 1,2 . 
dmmiriocyclohexane platuiurri (II); NTA, nitrilotriacetic acid; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoyl phosphatidyV 
ethanokmine; PS, phosphatidylserine; RES, reticuloendothelial system ; SUV, small unilamellar vesicles. 



The physical characteristic relates to whether the lipid 
membrane has been modified (so-called pure lipid 
(conventions): and surface-altered (sterically stabilized) 
liposomes); idealized representations of the structures of 
conventional (ULV iand^ M and sterically stabilized 
lipbsorjies are shpwn in Figures 1,2 and 3, respectively. The 
physiological; division describes the relative extent of up- 
take of the liposomes: by the RES (so-called Retargeted 
and R^avoidihg liposomes). The ; basdc premise behind 
the^ usti of RES^targeted lipbsornes is an attempt to deliver 
drugs v^A therapeutib efficacy against lebions^in the RES 
(e r g; jfvui^a] ihfei&onsj (Adler-Moore 1994 ; & Denning 
19^£u£sb ; etai 199i6; E^ntide et al- 1997), qr to use the 
Kp£sprae;as vehicle froife which the 

drjjg ij^adually bleaks iiito the systemici drculatiqn (Qokhale 
et j^l j 996):" It4 : cQ^trais^ kfiS-avcjiding hpipspmes . 2tre : 
:d^gr^d;jt^be delivered to tieir target tissue (tiirnour) and 
ds^r^th^ at tH site of j |tlierarieuti^ 

a^^yit^. Foii ih^; jreria|iiid^r of ; this reView, we will fbciis oh 
thbjfundjajneritai diffe&nctf between cbnvehtidnkl arid steri- 



cally stabilized liposomes with a view to pointing out their 
individual merits and disadvantages. 

Pre-clinical and clinical studies 

The literature is replete with reports of the pre-clinical and, 
to a lesser extent, the clinical evaluation of a diverse range 
of liposomal agents. In this review, we will concentrate on 
thPse agents that have undergone more than just cursory 
clinical evaluation. In the interests of clarity, the data from 
biodistributipri and pharmacokinetic studies will be con- 
sidered separately from those derived from therapeutic 
studies. 

Pr -clinical biodistributi n and pharmac kin tic 
studies 

Conventional liposomes 

Table 1 presents a summary of the published pre-clinical 
studies on the biodistribution. and pharmacokinetics of 
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TabI 2 Summary of pre-clinical biodistribution and pharmacokinetic studies using sterically stabilized liposomes in animal models. 



liposomes 



Tracers 



Tomoor models 



Comments 



Reference 



PC/Chol/HPI 
PC/Chol/GMl 



^Ga-deferoxaniine J-6456 (lymphoma) 



HPC/Chol/HPI 
PG/PC/Chol 



Doxorubicin . None 



PG/PC/Chol 

PG/DSPC/Chol 

DPPG/DSPC/Chol 

DSPC/Chol/HPI 

E)SPC/Chol/G&l 



HPI/HPC/ChoI 
PG/PC/Chol 



: 67 Ga-deferoxamine B16 (melanoma) 
lu iri-bie6mycin J-6456 (lymphoma) 
LS174T (colon) 



Doxorubicin j-6456 (lymphoma) 

Epirubicih 



DSPC/Chol 

DSPC/Chol/GMl 

DSPC/Chol/PEG-PE 



EggPC/Chol/GMl . 
Eg$ PC/Chol/MPEG-DSPE 



67 Ga-deferoxarnine C-26 (colon) 



Colloidal gold C-26 (colon) 
Rhodamine B 



Egg PC/Chol/MPEG-DSPE Colloidal gold KS-likc lesions 



Optimal tumour targeting was 
seen with 100-nm liposomes 
containing a neutral 
phospholipid and a negatively 
charged glycolipid (HPI or 
GMl).Blood (60-fold) and 
tumour (25-fold) levels were 
increased and RES levels were 
decreased (4-fold) 
Clearance of doxorubicin was 
significantly slower for HPI- 
containing liposomes 
compared with conventional 
liposomes. Both liposomal 
formulations were associated 
with significantly reduced 
cardiac drug deposition 
Optimal tumour localization 
was seen for liposomes 
composed of HPI/PC/Chol 
or GMl/PC/Chol. Tumour 
uptake values exceeded 10% 
ID g" 1 at 24 h. Radiolabeled 
bleomycin demonstrated a 20- 
to 40-fold increase in uptake 
for liposomal agent at 24 h 
There was significantly 
increased tumour uptake of 
drugs in HPI-contamihg 
liposomes, but not 
conventional PG-containing 
liposomes. In malignant 
ascites, 10% of the 
administered drug was 
recovered after intravenous 
HPI-containing liposomes 
The AUC in tumour tissue was 
increased 2- to 3-fold and the 
AUC in the RES was 
decreased 2-fold for pegylated 
compared with conventional 
liposomes 
Electron microscopy 
demonstrated deposition of 
gold-containing liposomes in 
perivascular space in tumours. 
Colloid gold particles were 
seen in Kuppfer cells, but not 
within liver parenchyma or 
tumour cells 
Extravasation and transcy tosis 
of liposomes were significantly 
increased in KS-like dermal 
lesions compared with 
adjacent normal skin of 
transgenic mice bearing the 
human immunodeficiency 
virus tat gene 



Gabizon St 

Papahadjopoulos (1 988) 



Gabizon etal (1989) 



Gabizon etal (1990) 



Gabizon (1992) 



Huang et al (1992a) 



Huang etal (1992b) 



Huang et al (1993) 
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Table 2 (cent). 



liposome 



Tracers 



Tumour models 



Comments 



Reference 



HSPC/Chol/MPEG-DSPE Doxorubicin 



HSPC/Chol/MPEG-DSPE Doxorubicin 



PC-3 (prostate) 



MFH (sarcoma) 



HSPC/Chol/MPEG-DSPE Doxorubicin 

Texas Red 



AsPC-1 (pancreas) 



HSPC/Chol/MPEG-DSPE Cisplatin 



C-26 (colon) 
Lewis lung tumour 



HSPC/Chol/MPEG-DSPE IU In-DTPA 



KB (head and neck) 



HSPC/Chol/MPEG-DSPE m In-DTPA 



KB (head and neck) 



Microfluorometry 
demonstrated 25-fold increase 
in the tumour AUC with 
liposomal compared with 
unencapsulated drug 
Increased drug deposition was 
seen in tumour compared with 
adjacent normal brain tissue 
with liposomal drug, but not 
unencapsulated drug. Peak 
tumour deposition of 
doxorubicin was 14-fold 
greater with the liposomal 
drug 
Microfluorometry 
demonstrated a 6- to 16-fold 
increase in tumour AUC for 
liposomal compared with 
unencapsulated drug. 
Diffusion of drug from 
perivascular liposomes to 
nuclei of stromal and tumour 
cells was demonstrated 
The tumour AUC was 28-fold 
higher for liposomal 
compared with 
unencapsulated cisplatin. 
There was a 4-fold reduction 
in renal drug deposition with 
the liposomal agent 
There was prolonged 
circulation of the radiotracer 
in liposomes compared with 
the unencapsulated agent with 
an approximately 10-fold 
increase in circulation half- 
life. Maximum tumour uptake 
was seen at 24 h (5.5 ±3.0% 
ID g _I ) and 5 min (1 .0±0.2% 
ID g" 1 ) for encapsulated and 
unencapsulated radiolabel, 
respectively 
There was an inverse 
correlation between uptake of 
radiolabeled liposomes and 
tumour size with significant 
reduction of liposome uptake 
in areas of tumour necrosis 



Vaage etal 1994 



Siegal et al (1995) 



Vaage et al 1997 



Newman et al (1999) 



Harrington et al (2000a) 



Harrington et al (2000b) 



AUC, area under the curve; Choi, cholesterol; DSPQ distearoyl phosphatidylcholine; GMI, monoganglioside; HPC, hydrogenated 
phosphatidylcholine; HPI, hydrogenated phosphatidylindsitine; HSPC, hydrogenated soy phosphatidylcholine; ID, injected dose; KS, 
Kaposi's sarconia; MPEG-DSPE, pegylated distearoyl phosphaudylethanplamine; PC, phosphatidylcholine; PEG-PE, pegylated phospha- 
ndylethanolamine; PG, phosphatidylglycerol; RES, reticuloendothelial system. 



those conventional liposomes that have reached clinical 
trials. The .earliest studies sought ; to : define SULV 
formulations that reduced normal tissue drug deposition 
but retained equivalent ajititumbur activity to the unen- 



capsulated drug (Gabizon et al 1982V Subsequeiit studies 
went one step further and generated liposomes with both 
favourablie patterns of normal tissue distribution and 
improved tumour targeting (Gabizon et al.1983 ; Proffitt et 
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al 1 983). One such neutral SULV. composed of a 2 : 1 ratio 
of distearbyl phosphatidylcholine (t>SPC) and cholesterol 
has been extensively evaluated because of its high level of 
tumour targeting and modest levels of RES uptake (Forssen 
et al 1992, 1996). Asy^tematic evaluation of SULV formu- 
lations composed of phospholipid and cholesterol has 
shown that DSPC in. a ratio of 1:1 or 2:1 relative to 
cholesterol is optimal (Ogihara-Umeda et al 1996). As a 
consequence of these studies, a DSPC/cholesterol lipo- 
somal preparation : of daunorubicin has entered clinical 
studies ias DaunoXome (see below). An alternative for- 
mulation composed of egg phosphatidylcholine (PC) and 
cholesterol (ratio 1.2:1) has also been shown to deliver 
anthracyciiiies effectively t6 solid and intraperitoneal tu- 
mour xenografts (Harasym et al 1997). This formulation 
has been taken in to clMcal studies as TLC D-99 (see 
below). In addition to studies with anthracycliries, DSPC/ 
cholesterol liposomes containing vincristine have been de- 
veloped through pre-clinical studies. Liposome-encapsul- 
ated vincristine has been shown to be more active and less 
toxic than the unencapsulated agent in a number of murine 
models (Mayer et al 1990; Boman etal 1994; Webb et al 
1995). The end result; of these studies has been the de- 
velopment of apSPC/cholesterol liposome formulation of 
vincristine (Ol^CO-TCS) that has entered phase I trials 
(see below). 

In contrast to liposomal anthracycline and vinca alkaloid 
preparation's, the development of conventional liposomal 
platins has [involved the use of MLV rather than SULV. 
MLV coniposed of dimyristoyl phosphatidylcholine 
(DMPC) aM dimyri$toyl phosphatidylglycerol (DMPG) 
(ratio 7:3) containing the lipophilic platin ctr-bis-neode- 
canoaito traris-R,R-l 9 2 diaminocyclohexane platinum (II) 
(NDDP)have been shown to yield equivalent or increiased 
tumours levels compared with imencapsulated cisplatin 
after intravenous administration (Khokhar et al 1988). In 
addition, thjs agent appeared to have particularly attractive 
pharmacokinetics after intraperitoneal injection (Vadiei et 
al 1992), wjiich has promoted its use as an intracavitary 
agent in patients with malignant effusions in early clinical 
trials (see below). 

Sterically stabilized liposomes 

A siimmary of the published pre-clinical data on the 
biodistribution and pharmacokinetics of sterically stabi- 
: lized liposomes is presented in fable 2. As has been detailed 
above, sterically stabilized liposomes evolved from studies 
in which various. components were added to the membrane 
and their effect on in-yiyo longevity was assessed (Gabizon 
& Pap^adjopoulos : 1988 ; Allen & Hansen 1991 ; Klibanov 
et al 1 990 ; Papahadjo^oulbs et al 1991 ). Of the three agents, 
GM1, HPI and M?E0i only the latter has given rise to a 
family of liposoniai agjehtiS that have entered cMbal usage. 
Klibanov et al (1990)' Were the first to show that incor- 
poration of PEG^codj^ted phosphatidyletl^olamine 
(PEG-PE)ijito LULVx6^Qsed:of egg PC and pholestei-ol 
(ratio 1 : 1) increased tljblbtood circulation half-lift by more 
than 10-fold compared witfr unpegylated liposomes (t,/ 2 - 
5 h vs < 30 mm). Subsequently, a number of studies have 



confirmed these; data and have demonstrated the ability of 
liposomes to accumulate in tumour tissues in rodent models 
(Huang etal 1992a, b, M93; Vaage etal 1994,; 1997; Siegal 
et al 1995 ; Newman et al 1999 ; Harrington etal. 2000ai b). 
Studies using intravenous injections of gold particles en- 
trapped in egg PC/cholesterol liposomes containing GM1 
or a PEG-PE derivative have shed light on the micro- 
biodistribution of these agents. On electron, microscopy, 
intracytoplasmic colloidal : gold was observed in hepatic 
Kuppfer cells and bone marrow macrophages, confirming 
the role of these cellk in clearing circulating liposomes. In 
xenograft solid tumours and Kaposi's sarcoma (KS>like 
dermal lesibns in transgenic mice, gold particles were seen 
in blood vessels , and in a perivascular cuff beyond the 
endothelium (Huang et al 1992b, 1993). There w^is no sign 
of colloidal gold in the cytoplasm of tumour cells!, suggest- 
ing that, for pegylated liposomes^ endpcytosis by tumbur 
cells does not occur to a significant extent (Huang et al 
1992b). Uptake was more pronounced in the KS-like 
lesions than in the adjacent normal slcin (Huangjet al 1993). 
More recently, the liposomal formulation has bfe£n adjusted 
to contain hydrogenated soy PC and imicrofludfbmetric 
studies have provided elegant data that show pegylated 
liposomes accumulating in; the extracellular space of tu- 
mours, where they rejease their cdntentsi whictare subse- 
quently distributed: throughout the tumour (Vaage et al 
1994, 1997).; Isluda et al (1999) have; demo^trated in- 
terstitial permeation by sterically stabilised lipc(^injes,- the 
vast majority of which >vereitaken up by! tmpur4|a^sodated 
macrophages. A receipt study h^ideteq^e^ 
biodistribution and pharmacokinetics [ of rkftiplabelied 
liposomes injtumour and a irange of normal tissues inmice 
(Harrington et al 2000a). As a direct bofiseque^i of theise 
studies, pegyjated liposomes incoiiporating m'ethbxypbly- 
ethylene glycpl-deriyatized d^tearpylphio^hati|j{le&a!no- 
lamine (MPjG-DSPi) have been developed 1 for diljicai 
use with doxorubicin (Caelyx/Doxil) and cisplatin (Spl- 
077), and another formulation containing vincristine is 
under development (Allen et al 1995). 



Pre-clinical therapeutic studies 

Conventional Hposomes 

The main emphasis of development of conventional lipo- 
somal agents was initially directed towards the anthrit- 
cyclines (Table 3). The reasons for this selection are easy to 
appreciate: (i) they are relatively easy to formulate in 
liposomes; (ii) they exhibit a broad range of antitumour 
activity; and i(iii) they cause a relatiyely predictable dose- 
limiting cardiotoxicity; which provides a powerful model 
for studying the effect of liposomal encapsulation on the 
toxicity profile of dijugs.- This choice, appears to have bderi 
rather .fortuijaU! since these agents hive demonstrated 
i efficacy in therapeutic^ models,! whereas other classes of 
chemotherap^utic drdgs have been less successfully de- 
velopled. The[ earliesjt studies demonstrated the ability ^ of . 
lipospifces containing doxorubicin; to reduce cardidc drug 
localization Without reducing the antitumour efficacy ?qf 
the entrapped aigent (Rahman et al 1980; Gabizon et al 
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Table 3 Summary of pre-clinical therapeutic studies of conventional liposomal anthracyclines in animal models. 



Liposomes 



. Agent Tumour models 



Outcome . 



Reference 



PS/PG/Chol 
SA/PC/Chol 



DOX Lewis lung cancer 

P388 ascitic leukaemia 



PS/PC/Chol 
PC/Choi 
.DPG/PC/Chol 



PS/PC/Chol 



PS/PC/Chol 
SA/PC/Chol 



PS/PC/Chol 
PG/PC/Chol 

PG/PC/Chol 



DOX J-6456 (lymphoma) 



DOX Lewis lung cancer 
Mouse sarcoma 180 



DOX IgM immunocytoma 



DOX J-6456 (lymphoma) 



DOX None 



PG/PC/Chol/Toc 



DOX CT38LD (colon) 
CT26 (colon) 



DSPC/Chol 



DNR P-1798 (lymphosarcoma) 
MA 16C (breast) 



A comparison was performed between 
positively and negatively charged 
liposomes. Positively charged 
(SA/PC/Chol) liposomes had 
equivalent therapeutic activity, but 
reduced cardiotoxicity, compared with 
unencapsulated drug 
There was significantly increased survival 
for animals treated with PS/PC/Chol 
liposomal doxorubicin compared with 
the unencapsulated drug. Survival after 
PC/Choi and DPG/PC/Chol liposomal 
doxorubicin was equivalent to that seen . 
with the unencapsulated drug 
In comparison with unencapsulated 
doxorubicin, liposomal doxorubicin was 
significantly more effective against Lewis 
lung cancer and had equivalent activity 
against mouse sarcoma 180 
Negatively charged (PS/PC/Chol) 
liposomes had equivalent activity and 
decreased cardiotoxicity compared with 
unencapsulated doxorubicin. Positively 
charged (SA/PC/Chol) liposomes had 
reduced therapeutic effect 
There was significantly increased survival 
with liposomal compared with 
unencapsulated drug 
The rate of drug-related deaths in mice 
treated with liposomal compared with 
unencapsulated doxorubicin was 
significantly reduced. There was reduced 
cardiac, renal, hepatic and biochemical 
(hyperlipidaemia, hypoglycaemia) 
toxicity with liposomal doxorubicin 
The CT38LD cell line was more sensitive 
than CT26 to doxorubicin in-vitro. 
Liposomal doxorubicin was significantly 
more active than the unencapsulated 
agent when administered according to a 
protracted dose schedule against 
CT38LD and CT26 tumours in -vivo 
Liposomal DNR was more active than 
the unencapsulated agent against both 
P-1798 and MA16C models. At the 
MTD, there were 100% cures for 
liposomal DNR compared with 40% 
for unencapsulated DNR against 
MA16C. In the P-1798 model, the 
liposomal agent was only more dfective 
than the unencapsulated drug at lower 



Rahman etal 1980 



Gabizon et al (1982) 



Forssen etal 1983 



van Hoesel et al(1984) 



Gabizon et al (1985) 
Gabizon et al (1986) 



Mayhew et al (1987) 



Forssen etal (1992) 



Choi, cholesterol; DNR • daunorubicin; DOX, doxorubicin; DPG, diphosphatidylglycerol; DSPC, distearoyl phosphatidylcholine- MTD 
maximum tolerated dose; PC, phosphatidylcholine; PG, phosphatidylglycerol; PS, phosphatidylserine; SA, stearyiamine; Toe, a-tocopheroL 



1982 ; van Hoesel. et al 1984). Further studies identified 
liposomal preparations that Enhanced the therapeutic effect 
relative to the ^encapsulated agent by increasing drug 



delivery within tumour cells. This effect was achieved at the 
same time as reducing tfeatmeht-related toxicity (Forssen 
& Tokes 1983; Gabizon et al 1985; Mayhew et al 1987). 
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Tabl 4;, Suminary .of pre-ciinical therapeutic studies of conventional liposomal platinum analogues in animal models. 



Liposomes 



. Agents 



Tumour models 



Outcome 



Reference 



DMPC/DMPG 
(L-NDDP) 



NDDP 
CDDP 



L1210 (leukaemia) 
M5076 (reticulosarcoma) 



PS/PC/Chol 

(I^CDDPI) 
DPPC/DPPG/Chol 

(L-CDDP2) 



CDDP 



IgM hnmunocytoma 



DMPC/DMPG 
(L-NDDP) 



NDDP 



L1210 (leukaemia) 
LI210/PDD beukaemia) 
M5076 (reticulosarcoma) 



DMPC/DMPG NPDP 
(I>NPDP, L-NDDP, NDDP 
L-DBDP) DEDP 



L1210 (leukaemia) 
M5076 (reticulosarcoma) 
B16 (melanoma) 



L-NDDP was more active than 
unencapsulated NDDP or 
CDDP administered by the 
intraperitoneal route against . 
intraperitoneal LI 210 tumours, 
L-NDDP administered by the 
intraperitoneal route retained its 
activity against platin-resistant 
intraperitoneal L 1 2 1 0 tumours. 
L-NDDP was more active than 
unencapsulated CDDP when 
administered intravenously 
against the M5076 liver 
metastasis model 
Both L.CDDP1 and L-CDDP2 
were less effective than 
unencapsulated CDDP. 
Increased platinum levels were 
documented in renal tissue with 
L-CDDP1, but this was 
associated with less 
nephrotoxicity than 
unencapsulated CDDP 
L-NDDP was more active than 
unencapsulated NDDP or 
CDDP in-vitro. L-NDDP was 
more active than unencapsulated 
NDDP administered by the 
intraperitoneal route against 
intraperitoneal L12 10 and j 
L1210/PDD tumours in-vivo. L- 
NDDP was more active than 
unencapsulated NDDP 
administered by the intravenous 
route against M5076 liver 
metastases in-vivo 
L-NPDP, L-NDDP and L-DEDP 
had equivalent activity to 
unencapsulated CDDP as single 
injections by the intraperitoneal 
route against intraperitoneal 
L1210 tumours. L-NPDP, L- 
NDDP and L-DEDP were more 
active than unencapsulated 
CDDP as multiple 
intraperitoneal injections against 
intraperitoneal L1210 tumours. 
Only intravenous L-NDDP 
demonstrated any activity 
against intravenously 
administered L 12 1 0 tumours. L- 
NDDP and L-DEDP 1 were more 
effective than unencapsulated 
CDDP against liver metastases 
of M5076. L-NPDP, L-NDDP 
and L-DEDP demonstrated 
activity against intraperitoneal 
implanted Bl 6 tumours 



Perez-Soler et al (1987) 



Steerenberg et al (1988) 



Perez-Soleret al (1988) 



Khokharet al (1989) 
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Table 4 (cont). 



Liposome 



Agents 



Tumour models 



Comments 



Reference 



PC/PS/ChoJ 
(L-CDDP) 



CDDP 



LI 210 (leukaemia) 
NIH OVCAR (ovary) 



There was no difference between 
unencapsulated CDDP and L- 
CDDP in terms of in-vitro * 
cytotoxicity or in-vivo activity 
after, intravenous injection. 
Significantly increased 
antitumour activity was 
demonstrated for L-CDDP 
compared with unencapsulated 
CDDP after intraperitoneal 
injection in-vivo. L-CDDP 
caused a significantly lower rate 
of fatal toxicity than 
unencapsulated CDDP in-vivo 



Gonda] et al (1993) 



CDDP, cfc-dichlorodiamrnine platinum (II);Chol, cholesterol; DEDP, c£y-bis-»-decanoato rrawj-/{,/2- 1,2 diarninocyclohexanepiatinum(n); 
DM?C,;dimyristdyl phosphaUdylchoIine; DMPG, dimyristoyl priosphatidylglycerol; DPPC, dipalmitoyl phosphatidylcholine; DPPg! 
dipalmitoyl phosphatidylglycerol; NDDP* cfr-bis-neodecanoato trans±R,R-l,2 dkmihocyclohexane platinum (II); NPDP, cw-bis-neopen- 
tanoato iran^R-l ,2; diamindcyclohexane platinum (II) ; PC, phosphatidylcholine; PS, phospha tidylserine. 



For examples, in these studies,;t6xic death, cardiomyopathy, 
renal, hepatic and biochemical (hyperlipidaemias and 
hypo^^aeqiia) toxicities were appreciable for the unen- 
capsulated drug but negligible for liposomal doxorubicin 
'•b4ta.sudi ; as\the» : priciyi(^ the background for the de- 
velopment of ', ]PC/ch61esterol liposomes containing 
doxorubicin; (TXG-D99) for ■clinical study. The activity 
of daunorubidn in $ liposome : composed of DSPC/ 
chpijesterol has also rJeen reported (Forssen et al 1992; 
Forssen & I^oss 1994).; This £gent -has been shown to yield 
superior response rates to those seen with the unencap- 
sulated; a^ent and is ;underg6ing clinical evaluation as 
Dai&oXbinie. 

Tpo isisue£ have ; doihihateii the pre-clinjcal therapeutic 
a^ssm:eut: of <x>iver^ platinum com- 

pounds;: (i) tjhe qeed tq- reduicje the systemic? toxicity of the 
a^ab|e:$^ ca^boplato);;arid (n);the desire 

^pfffi^fyfe A$y?\ ^P9P^W9 platinum analogues that 
cannot ^ mjthe aqueous phase (Table 4). As 

regaidi^j&^ 

h^yej be|p;sh(|)^;tQ jb^bit reduced nephrotoxicity and to 
hav|hi|tej^^ doses than the unencap- 

sul|u^:k^e|ri:, dl|hou^rl ! tjiis jefjfect may be achieved at the 
ex^ehse^ et al 1988; 

6°^^fetia|jl9?|)v ^.fbr'thiij^ond issue, in recent years, 
the: 4^jfiq$p lent; Of novel j^bphilic platinum analogues 
has ^o|der>t{atied|:6n of': variouj NDDP 

complfc|^ 198$; Khokhar et al 

1989}. Ipder ^ rapid drug leaitage from 

^ C ^jfi^" ■ aft^ig . adttj m f is^4tion may 'not be keen ak a 
if^^if 1 %U^ is. realty iotie of lease of drug 

^^t^ftw; W$W$<* t^offtpds^ 
cffer|ia Bjitf^^ 'bther a|ents such 

asita^aij^if^h;^ |dp|^|tEio iormujajte (G^banes et al 

**^ic | plating encapsulated ! in 



19*9; 



abeiHof 



liposomes composed of DMPC and DMPG (in a 7:3 
molar ratio) have been shown to exhibit activity against 
tumour models in-vivo. NDDP appears to be most prom- 
ising, with either equivalent or superior antitumour activity 
to cisplatin, but Significantly reduced nephrotoxicity. This 
agent has entered clinicai studies as both an intravenous 
and intraperitoneal/intrapleural therapeutic agent. 

Sterically stabilized liposomes 

As with the conventional liposomes, most of the published 
data on the therapeutic eftiacy of sterically ; stabilized 
liposomal agents deal with arithracyclines (Table: 5). The 
formulation that has become Caelyx/boxil has been shoWn 
to exert significant activity : ; against a broad range of syn- 
geneic and xenograft tumourjs in rodent models. In general, 
these effects have been showiito exceed those of comparable 
co4vehtional liposomal fdi^ulations, with appreciable 
amelioration of tfeatment-reldted toxicity (Gabizoh 1992; 
Huang ptal 1992a; Vaagdetal 1992, 1993a, b, 1994, 1995, 
1*95*7 ; Wiffiams et al 1993 ; Siegal et al 1995 ; Cabanes et al 
1998b ; Harrington et al 2006c). 

In addition, the therapeutic 'efficacy of a number of non- 
anthracyclihe compounds encapsulated in sterically stabil- 
ized liposomes; has been :asse^ed (Table 6). Studies have 
beeji performed with vitcristinje (Allen et al 1995 ; Vaage et 
al : l*993a), nutdxahtronci (Chaig et al 1997) and platinum 
an4Jogup (Mori et al 1996 ; Ccjlbern et all 999 ' Newman et. 
al &9?i Vaagfc et al; 19$?; Haijnngt<)n et al 2000c). In tie 
casje of ymcristiiie and mitox^^one; : Hposornal encapsula- 
tion was shown to ^igiMcantljf increase; tiieir^antiitumqur 
a^"vity,i* whije^fbrfv^ .r^jjcmg tie toxicity of 

treitineiit. As yet, nfeithei? of tl^ : a^ts^bas been further 
dey^Jopfed to^ifds dhrucjal trials. Trtff activity of pegylated 
lipotomfe encapsulated cisplatjn (S&-077) has also been 
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Table 5 Summary of pre-chriical therapeutic studies of statically stabilized liposomal arithracyclines in animal models. 



Liposomes 



Agents Tumour models 



Comments 



Reference 



HPC/Chol/HPI 
(PL-DOX, PL-EPI) 

PC/PG/Chol 
(L-DOX, L-EPI) 



PC/PG/Chol/BHT 
(L-DOX) 

HSPC/Chol/PEG-DSPE/Toc 
(PL-DOX) 



DOX 
EPI 



DOX 



J-64 56 (lymphoma) 



HSPC/Chol (L-DOX, L-EPI) 
HSi>C/Chol/PEG-DSPE/Toc 

(PL-DOX, PL-EPI) 
PC/PG/Chol/Toc (L-EPI) 
HSPC/Chol/PEG-DSPE/Toc 

(PL-EPI) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX), 



DOX 
EPI 

EPI 



DOX 



DOX 



PC/PG/Chol/Toc (L-DOX) 
HSPC/Chol/PEGrDSPE/Toc 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



HSPC/Chol/PlEG-DSPE 
(PL-DOX) 



MC19/MC65/MC2A/ 
MC2B (breast) 



C-26 (colon) 
C26 (colon) 
MC2 (breast) 
HEY (ovary) 



DOX TL-1 Oung) 



DOX PC-3. (prostate) 



DOX Malignant fibrous 

histiocytoma (sarcoma) 



DOX C3H/He mammary cancer 
(breast) 



DOX AsPC-1 (pancreas) 



PL-DOX was significantly 
more effective than L-DOX 
or unencapsulated DOX. 
L-DOX, in turn, was 
significantly more effective 
than unencapsulated DOX 

Therapy was associated with 
reduced metastasis from 
intramammary tumour 
implants and increased 
cure rate of subcutaneous 
implants. PL-DOX was 
significantly better than L- 
DOX or unencapsulated 
DOX 

PL-DOX and PL-EPI were 
significantly more effective 
than LfDOX or L-EPI 

PL-EPI was significantly 
more active than either L- 
EPI or unencapsulated EPI 

PL-DOX was significantly 
more effective than 
unencapsulated DOX 

PL-DOX was significantiy 
more effective than 
unencapsulated DOX by 
both intravenous and 
intraperitoneal routes. 
There was a significant 
reduction in toxicity 
associated with the 
intraperitoneal route for 
PL-DOX 

PL-DOX was significantly 
more active than either L- 
DOX or unencapsulated 
DOX 

PL-DOX was significantly 
more active than 
unepcapsulated DOX 

Treatment with PL-DOX 
significantly increased the 
lifespan .of animals 
compared with 
unencapsulated DOX 

PL-DOX significantly 
reduced pulmonary 
metastases and increased 
survival compared with 
placebo 

PL-DOX was significantly 
more active than 
unencapsulated DOX 



Gabizori(1992) 



Vaageet al (1992) 



Huang etal (1992a) 



Mayhew et al (1992) 



Vaage et al (1993a) 



Vaageet al (1993b) 



Williams etal (1993) 



Vaageet al (1994) 



Siegalet al (1995) 



Vaage et al (1995) 



Vaageet al (1997) 
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Table 5 (conf). 



Lipo: 



Agents Tumour models 



Comments 



Reference 



HSPC/Chol/PEG-DSPE 
(PI>DOX) 



DOX J 6456 (ascitic lymphoma) 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



DOX KB (head and neck cancer) 



PL-DOX significantly more 
active than unencapsulated 
DOX. For PL-DOX, the 
intravenous route was 
more active than the 
intraperitoneal route. In 
contrast, for DOX, the 
intraperitoneal route was 
more active than the 
intravenous route 

Unencapsulated DOX was 
significantly more active 
than PL-DOX in-vitro 
(IC50 12-fold lower for 
unencapsulated DOX). PL- 
DOX was significantly 
more active and better 
tolerated than 
unencapsulated DOX in- 
vivo 



Cabanes et al (1998b) 



Harrington et al (2000c) 



DOX, doxo^icin; EPI, epirubiciri; PC; phosphatidylcholine; I»G, phosphatidylglycerol; Choi, cholesterol; BHT, butylatedhydroxytoiuene; 
HSPC, hydrogenated spy phosphatidylcholine; PEQ-DSPE, PEG4erivatized distearoyl phosphatidylethanolamine; Toe, a-tocopherol; 
PEG-pPPE, PEG^derivatizeddipalmitpyl phosphatidylethanolarnine; IC50, drug concentration that caused 50% cell survival. 



reported in a number df studies. This agent has been shown 
to be more: acjive than unencapsulated dsplatiii, with a 
g^atly r^u^4 toxicUy profile; (Colbern et al 1999; New- 
man; et al 1999; Vaageiet al 1999 ; Harrington et al 2000c) 
However, the degree 'of enhancement of activity of the 
parent cbmpoiind appeared to be less than that; reported 
for i>egykted liposomal doxorubicin (Harrington et al 
2000c). 



Clinical biodistribution and pharmacokinetic 
studies 

Conventional liposomes 

There have been a limited number of clinical biodistribution 
and pharmacokinetic studies in liposomes that have entered 
clinical practice and they are summarized in Table 7. 
Imaging studies using radiolabeled liposomes composed 
of DSPC and cholesterol; have confirmed the ability of this 
fonnul^tion to target a range of solid and haematoiogical 
tumours (Ptesant et al 1988, 1990; Turner et al 1988 ; 
Gafeizon et al 1991 ;:'Kubo et al 1993 ; Khalifa et al 1997). 
Ktibo et-alCl^iympctec) arid (NTA)- 

Iabelled lrposomes containing 37 MBq of radioactivity 
into seven pitiehte. vnth 2), colonic (n = 2), 

lung (n = l)arid^r^^ = 1), and lymphoma 

(n = 1 ). Phati^okmfctic -analysis revealed 23 ±5 % of the 
injected dose^per litre; of blood: (% ID L~ l ) at 3 min, aiid 
8.9±7.5% tp L-* at 4|£ P; siriye tmmour: images were 
obtained in fqjir patients[(l /? breast, 2/2 clonic* 0/1 lunfc 
1/1 prostate and 0/1 i lymphoma). Prominent hepatic 



uptake was demonstrated with 32.6± 14.4% of the injected 
dose and 34.8±8.4% of the injected dose in that; organ at 
4 and 48 h, respectively. Khalifa et al (1 997) have; reported 
the ability of identical ni in-NTA-labeUed liposomes to 
localize to recurrent high-grade gliomas in eight: patients. 
The tumours were seen clearly in seven of trie eight 
patients. Hie total uptake of theradiolabelled liposomes in 
the brain was estimated at approximately 1.1%, with a 
maximum tumour to normal tissue ratio of 1.4: 1.. Signifi- 
cant hepatic uptake was observed at up to 50% of the 
injected dose. 

Sterically stabilized liposomes 

The. only sterically stabilized liposomes that have 
undergone clinical evaluation are those that contain 
MPEG-derivatized lipids in their membranes. Therefore, 
this discussion of localization studies of sterically stabilized 
liposomes will be restricted to studies in which pegylated 
liposomes have been used. Gabizon et al (1994) assessed 
th$ pharmacokinetics of doxorubicin in seven patients after 
injections of equivalent doses of unencapsulated and/or 
pegylated liposomal . drug, and in a further nine patients 
atftjer administration of the liposomal dnig alone. Plksma 
elimmatipn of pegylated liposomal doxorubicin was shown 
to fdllpw a biexporiential curiae With median t^ja and 
of ;^ arid 45 h, respectively. Almost 100% of;the;,drug 
detgfcteid in the plasma was in the liposomal form. The 
pl^j^a-clearaiice of i>egylated liposomal ^oxdrabidri was 
sigj^ficantiy lower .than for thb mibricapsiiiated agent 
(Q4:Lh rl vs 45 L:h _l X as was the votame of distribution 
(4L vs ; 254L). The drug levels achieved in maligiiant 
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Table 6 Summary of preclinical therapeutic studies of non-anthracycline drug? encapsulated in sterically stabilized liposomes. 



Liposomes 



Agents Tumour models 



Outcome 



Reference 



HSPC/Chol/MPEGrDSPE 
(PL-VCR and PL-DOX). 



VCR 
DOX 



MC2 (breast) 



PC/Choi' 
PC/Cbbl/GMl 
PC/Chol/PEG-PE 
DMPG/DMPC 



NDDP RIF-1 (sarcoma) 



DSPC/Chol (I>MITO) 
bSPC/Chbl/PEG-DPPE 
(PL-MITO) 



MTTO intravenous LI 2 1 0 
(leukaemia) 



HSPC/Chol/MPEG-DSPE 
(PI^CDDP) 

HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 



CDDP HT29 (colon) 



CDDP Lewis lung tumour 
C26 (colon) 



HSPC/Chol/MPEG-DSPE 
(PL-CDDP) : 



CDDP BT474 (breast) 

MDA453 (breast); 



PL-VCR was more effective 
than unencapsulated VCR. 
Combination therapy of 
PL-VCR and PL-DOX 
given simultaneously was 
less effective than either 
agent given as a single 
dose. Combination therapy 
of PL-VCR and PL-DOX 
given according to an 
alternating schedule was 
more effective than single 
dose treatment with either 
agent 

PEG-PE liposomal NDDP 
exhibited significantly 
greater cytotoxicity in-vitro 
than GM1 liposomal 
NDDP. PEG-PE liposomal 
NDDP was significantly 
more effective in-vivo.than 
PC/Choi, DMPC/DMPG 
and GM1 -liposomal 
NDDP 

L-MITO and PL-MITO 
were significantly less toxic 
than unencapsulated 
MITO, L-MITO was as 
active as PL-MITO and 
each was more effective 
than unencapsulated 
MTTO only at highest dose 
level 

PL-CDDP was significantly 
more effective than 
unencapsulated CDDP 

PL-CDDP was significantly 
more effective than 
unencapsulated CDDP. 
Equivalent levels of 
tumour control were 
achieved with a 50% dose 
reduction of PL-CDDP 

Unencapsulated CDDP and 
PL-CDDP were both 
effective as single agents 
against xenograft tumours. 
At tolerable dose levels, 
PL-CDDP was superior to 
unencapsulated CDDP. 
Both agents enhanced the 
activity of a humanized 
monoclonal antibody 
directed against HER2 
(Herceptin) 



Vaage et al (1993a j 



Mori etal(1996) 



Chang etal(1997) 



Vaage etal (1999) 
Newman et al (1999) 



Colbern et al (1999) 
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Table 6 (cont). 



liposomes 



Agents Tumour m odels 



Comments 



Reference 



HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 



CDDP KB (head and neck) 



Unencapsulated CDDP was 
significantly more active 
than PL-CDDP inrvitro 
(IC50 21-foid lower for 
CDDP). PL-CDDP 
displayed superior activity 
to unencapsulated CDDP 
in-vivo, but only at the 
intermediate dose level. 
Toxicity was significantly 
reduced for PL-0OX 



Harrington et al (2000c) 



CDDP, ciy^chlon^iainiiiine platinum (II); Choi/cholesterol; DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyristoyl phospha- 
tidylgly?eroI; DOX, doxorubicin; DSPC, distearoyl phosphatidylcholine; GMI, monosialoganglioside; HSPC, hydrogenated soy 
phosphatidylcholine; MITO, mitoxaritrone; MPEG-DSPE, PEG-derivatized distearoyl phosphatidylethaholamine; NDDP, cte-bis- 
neodecanoato :/ra/w-^4,2diamino(^cl6hexane platinum (II); PC, phosphatidylcholine; PEG-DPPE, PEG-derivatized dipalmitoyl 
phpsphatidylethanolamine; VCR^ vincristine.. 



effusions were assessed where possible. The liposomal agent 
demonstrated a 4- to 6-fold increase compared with the 
unencapsulated dgent, peeking between 3 and 7 days after 
drug adininistratkm. Northfelt et al (1996) confirmed the 
efficacy of pegylated liposomal; doxorubicin in targeting 
cutaneous AIDS?related KS in a study in which 18 patients 
were randomly -j allocated to j receive either pegylated 
liposomal doxorubicin or imeicapsulated doxorubicin. 
Representative •;; lesipns were biopsied 72 h after drug 
adrjimistrati^ level in the KS lesions 

was 5*2r to 11.4-times greater; in those patients treaited with 
the pegylated liposomal form if the, drug; The detailed 
ph^malc6^etic|^ta; revealed that the volume of distill 
t?ution , of ; ddxpr^idn . varied ; from 2.2 to 4.4 LnT 2 , 
dembrntiating ^t the drug was e^enti^y ;confineki to 
me : cinjuiation;; {Thfej ; clearance; of: jfegylated;:hpic)sdmal 
doxpr^bim: was j0.63i4-4. 108 L ji" 1 m~ 2 and &e t^ 2 a and 
t|/i^fif .wjeacib: "3.-;8 arid 4il? ^/respectively. In at^jstudy usinjg 
^ , Irj-pTPA-lkl^^ed ipe^ylated *\ liposomes oif the Sarnie 
fbr^u^tiph i?LS ^lised: jforiCael^/jppxil,! Ha^ingtpn et al 
(j^la)^aveide^ tb 
target ibcally . a^iratipibd solid tuniiouis,: mcludinjg "brfeast, 
luu$ head ajid ufcct, and cervical canbers. 



Clinical therapeutic studies 

Conventional liposomes 

Liposomal foxorUbicin (TLC D-99, Evacet). Liposomal 
doxorubicin (liC D-99 ; The Liposome Company, Prince- 
ton, New Jersey, tJSA) consists of doxorubicin entrapped 
in: h^osoihes! cpnxppse^d of egg PC and cholesterol (ratio 
; 1 .22 :1 ). Th^^gent hasibedn the subject of rjharmacokjnetic = 
aiid jihase l,;!! anja ni clinical tria^ (Cowens[et al ,1993; 
Et^btee ei al 1993; Batist et al 1998, 1999; Harris et al 
1998 jiOi^^ et al; 

1999); The ph^^okirietics of TLC D-99 at doses of 



60 mg m" 2 and 75 mg m" 2 have been reported in 12 patients 
with non-small cell lung cancer, with no difference in the 
ti/ 2 a and as compared with unencapsulated doxoru- 
bicin (Embree et al 1993). In a phase I clinical sturdy, the 
drug; was administered at single doses of 20-90 mg m~ 2 
every 3 weeks and as daily dpses for 3 days at doses of 20, 
25 arid 30 mg m" 2 (Cowens et kl 1993). Leukopenia was the 
dose^limiting toxicity and set the maximum tolerated dose 
at a level of 90 mg m -2 every i weeks or 25 mg-nT 2 day" 1 
for 3 days. In contrast to unencapsulated doxorubicin, 
gastrointestinal and mucosail toxicity; were minirrml or 
absent at each dose level, and $ignificant cardiac, hepatic, 
rdnal or other orgah toxicities were not seen. TLC D-99 has 
bpen administered to 40|patientS;With AIDS-related KS in 
the setting of a raridomiz^ ph^ H trialjof eirne^ 10 ing m" 2 
(19 rjatients) or 20 mgm" 2 (21 patients) every; 2 weeks. 
P^alresppnsjesoccurrMinbrjy 15% 1(6 of 40) of patients 
and a further 65 % (26 of 40) showed stable ; disease; 
Treatment response; wastdpsejrelkted, With 5% (1 of 19) of 
patients ih tSe low-dose cohort actoeving a partial response 
in comparison with:24 Vp (5 & 2\) of p>^itipnts in- the high- 
dose iferoup. Tjie niajor; toxJcity; Ob^i1vred; was ,[ha^ato- 
lqgical, with neutro^enija oc^u^g m 168% an|l j81 % of 
patients in the low^ an<j higp-Mse cohorts, re|p|ectively. 
Npnrhaematological tonicity ! was ] hiildV and alppiecia de- 
veloped in only 8% of paije^ts (Cheung et -al 1099). 
Preliminary findings of a,phai& ffl evalujatkra dfiht: D-99 
m patients with me takati# breast |ancer hive been 
presented in abstract form. A tjbtali oj; 69. patients were 
r^domly allocated; to fithei: TLC pf9 (75 iii'gim" 2 ) or 
ur|en<^psulated do^oru^iciriii^Slmg mT 2 ) every- 3 Weeks, 
^ apliieVed resporj&e rajtes of 33%' aind-29% ; respjectively; 
The liposomal formulation jcaused-iesl toxicity ( nausea 
ar|d vomiting (10% r vs 2$%) t stpmatitisl/mucosi^ (9% vs 
l^%)|an4fever/infek;tioi (6% ys;il%)](Hkrri et ^ 1998). 
Al- s^ipr^te : analysis of [this pti^se; pi; study reported a 
significant difference in the incidence 6f redubed left 
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Table 7 Summary of clinical studies assessing tumour localization of conventional and pegylated liposomes in patients with cancer. 



Liposome 



Tracer 



Patients 



Comments 



Reference 



Conventional Egg PC/Chol/PA 99m Tc0 4 ' 



14 



Conventional DSPC/ChoI 



in 



In.NTA 



24 



Conventional DSPC/ChoI 



m In-NTA 



Conventional DSPC/ChoI 



in In-;NTA 



24 



Conventional Egg PC/egg PG/Chol 1 1 ^n-deferoxamine 9 



Conventional DSPC/ChoI 



'In-NTA 



Patients with various tumours 
(4 choriocarcinoma, 3 
hepatoma, 1 breast, 1 lung, 1 
renal cancer, 1 

haemangiopericytoma, 1 KS, 
1 AML, 1 PR V). Rapid 
clearance of radiolabelled 
liposomes by the RES with 
initial and terminal half-lives 
of 3 and 8-12 h, respectively. 
Tumour visualized in only one 
of 14 patients by gamma 
camera imaging 
Patients with various tumours 
(5 breast, 6 lung, 3 prostate, 2 
colorectal, 1 renal, 1 cervical, 
1 thyroid, 1 pancreatic, 1 . 
ovarian cancer, 1 lymphoma, 
1 sarcoma, 1 melanoma). 
Rapid clearance of liposomes 
with blood levels of 50% and 
20% of the injected dose at 4 
and 24 h, respectively. 
Significant uptake of 
liposomes by the RES. 
Tumours seen on gamma 
camera scans at 24 and 48 h 
in 22 of 24 patients 

Report of positive tumour 
images by gamma camera 
scan in two patients with 
AIDS-related KS and NHL. 
No dosimetric data were 
presented 

Same group of patients as 
Turner etal (1988). 
Additional data presented on 
two patients who underwent 
surgery after injection of 
liposomes. Tumour to blood 
ratios ranged between 6.5 and 
1 8.3 : 1 for primary tumour, 
nodal and liver metastases 

Rapid clearance of 
radiolabelled liposomes by the 
RES. In-vivo evidence of drug 
leakage from the liposome in 
the circulation. Only 1/9 
tumours demonstrated weakly 
on gamma camera scan 

Patients with advanced 
tumours (2 breast, 2 colonic, 1 
lung, 1 prostate cancer, 1 
lymphoma). Rapid clearance 
of liposomes to a blood level 
of 45% of injected dose at 4 h 
with significant RES uptake. 
Tumours seen on gamma 
camera scans at 24 and 48 h 
in four of seven patients 



Richardson et a] (1979) 



Turner et al (1988) 



Presant et al (1988) 



Presantetal(1990) 



GabizonetaJ(1991) 



Kubo et al (1993) 
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Table 7 (coni). 



liposome 



Tracer 



Patients 



Comments 



Reference / 



Pegylated tfSPC/Chol/PEG-DSPE DOX 



16 



Pegylated HSPC/ChoI/PEG-DSPE DOX 



18 



Conventional DSPC/Chol 



lllln-NTA 



ConventionaiDSPC/ChoI 



DNR 



Pegylated 

HSPC/Chol/PEG-DSPE 



DOX 



Pegylated 

HSPC/Chol/PEG-DSPE 



""TcO,' 



30 



Significant prolongation of the 
half-life; reduction of plasma 
clearance (0.1 vs 45 L h" 1 ) and 
volume of distribution (4 vs 
254 L) of pegylated liposomal 
doxorubicin compared with 
unencapsulated drug. Levels 
of drug 4- to 1 6-fold greater 
in malignant effusions in 
patients treated with 
liposomal agent 

Biopsies of AIDS-related KS 
lesions after either pegylated 
liposomal or unencapsulated 
drug. There was a 5.2 to 1 1.4- 
fold increase in tumour drug 
levels after pegylated 
liposomal doxorubicin as 
compared with 
unencapsulated doxorubicin . 

Patients with recurrent high 
grade gliomas. Tumours seen 
in seven of eight patients on 
gamma camera scans at 72 h. 
Total tumour uptake 1 % of 
the injected dose (maximal 
tumour to normal brain! tissue 
ratio 1.4:1). Significant 
uptake by the RES (mainly 
liver and spleen) 

Patients with recurrent high 
grade gliomas. Tumour 
biopsies obtained 24-48 h 
after DNR administration. 
Circulation half-life of 4.8 h. 
Significant tumour 
accumulation of DNR in the 
range of anticipated cytotoxic 
activity 

Patients with metastatic breast 
cancer who underwent 
surgical fixation of femoral 
fracture 6 and 1 2 days after 
drug administration. The drug 
concentration was 10-fold 
greater in tumour than 
adjacent normal skeletal 
muscle . 

Patients with NSCLC and 
SCCHN received 
radiolabeled pegylated 
liposomes. Mean tumour to 
large blood vessel ratio of 
radioactivity was 1.01±0.29 
for NSCLC andl.35±0.39 
for SCCHN. Liposome 
uptake correlated with 
tumour response to liposomal 
doxorubicin 



Gabizohet al (1994) 



Northfeltetal(1996) 



Khalifa etal (1997) 



Zucchettietal(1999) 



Symon etal (1999) 



Koukourakis et al (1999) 
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Table 7 {confy 



Liposome 



Tracer 



Patients 



Comments 



Reference 



Pegylated 

HSPC/Chol/PEG-DSPE 



111 



In-DTPA 



20 



Patients with locally advanced 
cancers (7 SCCHN, 4 
NSCLC, 5 breast, 1 cervix 
cancer, 2 glioma, 1 KS). 
Tumours seen on gamma 
camera imaging in 15 of 17 
patients studied. Uptake in 
SCCHN 33. 0± 5.7% ID kg" 1 , 
NSCLC 18.3±5.7% ID kg" 1 , 
breast 5.3 ±2.7% ID kg" 1 . 
Tumour uptake related to 
tumour size. Surgical study in 
two patients with SCCHN 
showed tumour to normal 
tissue ratios of 2- to 11 -fold 
for a range of tissues 



Harrington et al (2001a) 



AML, acute myelbblastic leukaemia; Choi, cholesterol; DNR, daunprubicin; DOX, doxorubicin; DSPC, distearoyl phosphatidylcholine; ID, 
injected dose;: KS, Kaposi's sarcoma; NHL, non-Hodgkin's lymphoma; NSCLC, non-small cell lung cancer; NTA, nitrilotriacetic acid; 
PA, phosptiatidic acid;; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoyl phosphatidylethanolarnine; PG, phosphatidylglycerine; 
PRV, polycythaemia rubra vera ; RES, reticuloendothelial system; SCCHN, squamous cell carcinoma of the head and neck. 



ventricular ejection traction between tie two groups (16% 
vs. 25 % ) in favour 6f TLC D-99 (Biatist et al 1998). These : 
findings have been further suppiorted by; more recent data 
demonstrating 1 a siginificantly lower rate of cardiotoxicity 
for TLC D-99 compared with unencapsulated doxorubicin 
in patients With trea|tment-naiye t breas| cancer (Winer et al 
2000). In a further phase II study in wnich the aim was to 
escalate thpj dbsd qjf TLC D-99|by co-adiriinistration of 
growt^fajjiors, 52 pitients with t^atmkit-riaive metastatic 
dis^ejbr^Sast r&eiyed a ^1 35 higjm^ intravenous bolus of 
TLti D-£?alorig with 5 fig kg" 1 ^ ^r^u^pcyte colony-stimu- 
lating |^p^ every 21;day's; The 
overall; reSp0hse&^ 

exp^hsfe b jr cdn$id ibraLble ^e^^t^rellajed tplridiy (grade4 
neuirojfenia| ^oi^ibocytbpeni^| and jmucpsitis in 92%, 
88% , M$ W>% p^atiti^ al 
199?); ^ttergpts hayp also been trade loiin^pbrate TLC 
D-99 i^o|co^binati^n chMo^|r^py fcg^ens id patients 
With mjiit^statio bx|ea|t cahcef (£a|&t et|d j 1 999 ; Val^b et al 
1999). i^ajer^ etlai; (|?9?) ^at^^t p|de^ widh TLC D- 
990^mtfy 

andi;5-flu<>rpu^^ l- ind S ejvery 3 

weeks'.^ ^m^^)^J> pet £Hti|nt w^;ddivfe^d to 
a cuiin^^ei^C-l|^9? a^sebf M| 
w^=hi|hly att$Vie;; wjjth ianibverail r|sp|nse rfate of 73 % ,[ a 
med^;|d^lSph of ^^espbilse 6f1ll|;2:A6nthk^ and ^eicji^n 
oveiili^i^pli 6f isjj.4 i#oxj$&; 4 :$^klll ^dy:h^ been 
pre&htpj iri Sftstirat fprifl in ^p$§! ^ai^^^ l^beiyed 
cycl^fio$bhiaj^ <|00 td^ te": 2 )iifl^ii 60! itn^j in"?i b f [either 
TLC=D$9$ ofdpxorJbidn (£atis^tii# |999jll The;ri^nse 
ratek; V^rd ;ia>^c^ f43 %ftot t|uj tytif re^fensj- tytitfne 
HpbSofl|aI j age^t wa| assented?* flower 
rat^;bfln^el'r^piTir|ssibn : ^d caij^p^a^ 1 : / • ? 



Liposomal daunorubicin (DdunoXome ) . Liposomal 
daunorubicin (DaunoXome, NeXstar Fjharmaceuticals 
inc., San Dimas, USA) is an SULV of 50-80 nm diameter, 
which consists of phosphohpid membranes composed of 
DS&C and cholesterol in a molar ratio of ;2 : 1. In a phase 
I/O pharmacokinetic and clinical analysis, this agent 
demonstrated , a favourable alteration of the pharmaco- 
kinetic profile of the drug when cpmparediwith published 
data for the unencapsulated drug (Gill et al 1995). At the 
80 mg m" 2 dose level, the mean total; body clearances were 
6.6 and 233 mLmhi" 1 for liposomal and unencapsulated 
dauiorubicin, respectively, which translated to a 36-fold 
increase in the areaj under the concentration-? time curve. 
The volume: of distributibri was 2;9 L for liposomal daujip- 
hibicin and; 10^5 LifOr unehcapsulated ^4 un 9^ li ^ cul ^ 
the early stag^ of clinical development ;pf this agent, a 
nujnber of phais^ II studies were conducted at dbses ranging 
frojm 40 to 60 rbjg m~ 2 every 2 weeks in points -with AIDS- 
relkted KS. Response rates in the order if ;#-73 % (Money- 
Kyfle et al l?93|; Presant et al 1993 ; piUejtal 1995 ; Girard 
0ty l;996; Utbay$kiun 1996) were docurj^ented. In 

addition, , a larjgje prospective multicentre phase III study 
of 2-weekly Uposomal a^uhonibicin (4Qmg m~ 2 ) com- 
pared with standard :cdmbi4ation chemptherapy (ABV: 
10 nig m" 2 dox^bicin, 15 Rj bleomycin; \i mg Vincristine) 
ha4 -beieh completed in 232 patients with AIDS-related KS 
^Gii et al 199€pl Tiie response rates for the tw^o treatment 
axriis ^ equiWlerit.(25^o and;28%|-, rigpectiv ly). The 
tonicity! profile were ;dffl^rent,:rWth ii^prn^^daunoni- 
bicSn pausing si^nifieantlyJess neurOpathyr(13:% vs 41%) 
ink ^^pjria (8% vsl3|5% ) thin;ABV, butlmbre myelosup- 
pr^ssipn (^adfej 3 neutrojWia;i 36% v^^i36^6; grade 4 
^eutirdperiia : lS% Vs 5% ). There; W$s a sftatisiically insig- 
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nificant increase m the incidence of opportunistic infections 
among the patients treated with liposomal daunorubicin 
(36% vs26%). 

Thus far,, there have been few studies of liposomal 
daunorubicin in patients with other tumour types. A phase 
I study of three daily doses of 75-200 mg nT 2 of liposomal 
daunorubicin : has been conducted in 24 patients with 
refractory or relapsed acute myeloid leukaemia or blast 
phase chronic' myeloid leukaemia (Cortes et al 1999). The 
dose-limiting toxicities were myelosuppression, requiring 
transfusipnal support and mucositis. There were two com- 
plete responses to treatment. In : a. follow-up study, 62 
patients with Vrefractpry or recurring acute myeioblastic 
leukaemia received escalating doses of liposomal daunoru- 
bicin ai 75,; 100, 125, ;or 135 mg m~ 2 day" 1 for 3 days with 
dytosine arabinoside (1 g m" 2 ) as a continuous intravenous 
therapy fbir 4> days. Eighteen patients (29%) achieved a 
complete remission, and seven (11%) a haematological 
improvement for an bverall response rate of 40% (Cortes 
et ai 2001). Lippens (1999) treated 14 children with 
recurrent or progressive train tumours with a dose of 
60 mg in" 2 once: every 4 weeks, up to a cumulative dose 
of 600 mg m r2 . There were two complete and three partial 
responses; and two patients had stable disease. Steele et ai 
(2001) conducted a phase; I/II trial in 14 patients with 
pjeural mafi^ijant mesothehohia. The maximum tolerated 
dt>se>a$ i : 25C[ mg m~ 2 every 3 weeks. No objective responses 
t6 ; treatment ivere recorded, : althdugji nine patients had 
stkbilizatipri ^ojf their disease during therapy. Two separate 
ritiase I analifl studies bf liposomal daunorubicin have been 
reported ini jpitij&nts With hepatocellular carcinoma (Yep 
etjal 1999; Paniele et kl 2000). Yeo et al (1999) treated 14 
patients with | doses pf lOOmgm -2 every 3 weeks, but 
observed ho tutnour responses. In a phase I trial, 1 1 patients 
withihepat4i?eilular catcinoma complicating cirrhosis were 
enrolled oh*tp a proposed dose-escalation protocol starting 
at 80mgm^.iDose-lnWting toxicity was encountered at 
tl^e starting dose and! at the subsequent reduced doses 
of 60 mg intf 2 iarid 4p ing m" 2 (Daniele et al 2000). More 
recently, a Ipbjase I d<j>se>-escalating trial of DaunoXome 
wks conducted in 16 patients with metastatic breast cancer 
((^'Byrne ejj aj 2002). |Of 15 evaluable patients, two had 
partial resr)bn|ses, six |had stable disease and seven pro- 
gijessed. The. dose-limiting toxicity was neutropenic fever 
at a dose of 120 mg nT 2 . 

Liposomal vincristine (Onco-TCSj. This formulation of 
vincristine entrapped in 120-nm SULV composed of DSPC 
aiid cholesterol has undergone preliminary clinical investi- 
gation (Gelmon et al 1999 ; Sarris et al 2000), Gelmon et al 
(lj999) treated 25 . patients with various malignancies with 
doses of liposomal vincristine between 0.5 and 2.8 mg m -2 
every 3 weeks; Toxicity was pain, constipation, fever, 
rigors, fatigue, : myalgia and peripheral neuropathy and the 
maximum dose was 2.4 mgm" 2 . A single partial response 
was seen ini a patient with pa^reatic]bancer and minor 
responses were s6en in two patients. Sarris et al (2000) 
reported the results of a phase II trial in 51 patients with 
relapsed non-Hodgkin' s lymphomas aid aicute lympho- 



blastic leukaemia. Patients received 2.0 mg m" 2 every 2 
weeks and responses were seen in 14 of 34 (41 % ) evaluable 
patients; Severe (grade 3 or 4) motor or sensory neuropathy 
was seen in 11 patients and necessitated termination of 
therapy in five patients (all of whom had prior neuropathy). 



Liposomal NDDP. NDDP encapsulated in conventional 
MLV has been subjected to a number of phase I/II studies. 
A dose-escalation phase I study of intravenous liposomal 
NDDP administered every 4 weeks has been conducted in 
39 patients with a range of tumour types (Perez-Spier et al 
1990). The dose-limiting' toxicity was myelosuppression 
and the maximum tolerated dose was :312.5 mg m~ 2 every 4 
weeks. Other significant toxicities included nausea, vomit- 
ing and diarrhoea, but there was no evidence of nephro- 
toxicity or ototoxicity. The favourable pharmacokinetics 
documented after intraperitoneal administration in mice 
(Vadief et al 1992) have prompted studies of locoregional 
administration of this agent in patients with i malignant 
efrusions:(Perez^Soler etal 1997, 1999). In the first study, £1 
patients with nbh-loculated malignant \ pleural effusions 
due to fupg cancer, ovarian cancer and;mesothpii6ma were 
treated| with escdating dbsfcs of intrapleural ! liposomal 
NRDP (Perez-Soler; et al 1 997). The maximal tolerated 
dose w&s 450 mg m" 2 and the lnrntirig toxicity; was chest 
jiainj \4hich; presumably occurred Secondary to chemical 
pteuritis.; Pharmacokinetic analysis |iemonstratjed initial 
rapid ^g kbsprptipn into the circiilation oyer 2h, fol- 
lowed .|>yi plateau levels between 6. aijd 7A h. Intrapleural 
admini^tiatipn abrogated the toxicides; Associated with 
intravehejus ladministration. One pati|ht experienced com- 
plete rejsplutjion of his malignant effusion and; five others 
had si^iificint volume reductions fojvprolonj^d periods: 
In a fpllow^up study, 20 patients j with mesothelioma 
received liposomal NDDP at a dose of 450 mg m" 2 every 3 
to 4 we$kjs (£erez-Soler et al 1999). T\^o patient? died soon 
after thfie jfir^t drug ^administration di|e to locals complica- 
tions o|" ihej infusion. In the assessable patients, 11 of 15 
(73%Xtoatie!nts had a complete pathological response of 
their disease. 



Sierically stabilized liposomes 

Pegylated liposomal doxorubicin (Doxil/Caelyx). Pegylat- 
ed liposomal doxorubicin (Doxil/Caelyx; SEQUUS Phar- 
maceuticals Inc., Menlo Park, USA) consists of doxoru- 
bicin encapsulated in an SULV of meain diameter 96 nm 
with the following lipid composition (values expressed in% 
molar ratio) : hydrpgenated soybean phosphatidylcholine 
(HSPC) (56:2% ), cholesterol (38.3% ), and #-(ckrbamoyI- 
methoxypolyethylene glycol "2(X)0>l,2-distearoyl-5n-gly- 
cero-3-phospho-etlianolauiime; sodium salt (5.3°/o ). Initi- 
ally, as in the case of DaunoXome, this agent was subjected 
taphas£ I iand II! studies: in patients wth Alt)S-rekted KS. 
kespbns> ; rates 6f {S9-93% were rq>6rted, iwith relatively 
little: to^aty;(Hengge .et al 1993 ; Simpson et al 1993; 
fipgnerjet ?J 1994; [James et al I$94; Harrison etal 1995:; 
Goebel jst ai l 996), ^^ubsequeridy, two large phase H 
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were reported in which , single agent Doxil/Caelyx was 
randomized against standard combination chemotherapy 
for AIDS-related K$; either bleomycin and vincristine 
(BV) (Stewart et al 1998) or ABV(Northfelt et al 1998). In 
the former study, 241 patients were treated with either 
Etoxij/Caelyx (20 mgm~ 2 ) or bleomycin (15 IUm~ 2 )and 
vincristine (2 mg),eVery 3 weeks for 6 cycles (Stewart et al 
1998). DoxU/Caelyx was significantly more active than 
BV' with response rates of 58.7% and 23.3%, respectively. 
Patients treated with BV were significantly more likely to 
stop treatment prematurely because of an adverse event 
(26.7% vs 10.7%) and had. greater rates of peripheral 
neuropathy (14.2% vs 3.3% ) and lower rates of leukopenia 
(50.8% vs 71.9%). In; the latter study, 258 patients were 
randomized to receive either Doxil/Caelyx (20 mg m" 2 ) or 
doxorubicin (2Qmgm~ 2 )i bleomycin (10 IU m~ 2 ) and vin- : 
cristine (1 mg)/every 2 weeks for 6 : cycles (Nbrthfelt et al 
199$). Doxil/CaSlyx ;was ; significantly more effective than 
ABV, with response rates of 45.9% and 24.8%, respect- 
ively. Doxil/Caelyx Was better tolerated than ABV in terms 
of alopecia (1% vs 19 %), nausea and vomiting (15% vs 
34%) and rieuropathjy (6% vs 14%), although there was 
no difference in grad^ 3 leukopenia (36% vs 42%). These 
data are particularly Striking in view of the liniited activity 
of single agent unencapsulated anthracycline (and anthra- 
ceinedione) chemotherapy Against AEDS-irelated KS 
(kaplan & Volberdihg 1985; Chachoua et al 1987; 
Shepherd etal 1991; Fischl et al 1993). 

More recently,; a number of phase I/II studies have been 
conducted in patients with solid cancers. The activity of 
this agent against refractory ovarian cancer has been 
reported by a number of groups (Muggia et al 1997; 
Gordon et aJ 2000 ; Isjniel et al 2000 ; Markman et al 2000; 
Johnston and Gore 2001; Muggia and Hamilton 2001). 
Muggia et al (1997) treated 35 patients with platinum and 
taxane-resistant ovarian canper with Doxil/Caelyx at a 
dose of 40-50 mg nT 2 every 3-4 weeks. A response rate of 
26% (9 of 35) was reported, with one complete and eight 
partial responses. Drug-induced nausea, alopecia and car- 
diomyopathy were not seen, although 37% (13 of 35) of 
patients experienced grade 3 or 4 mucocutaneous toxicity 
(see below for a discussion of these toxic effects). In a larger 
study, 89 patients with platinum and taxane-resistant dis- 
ease received 50 mg m" 2 Doxil/Caelyx every 4 weeks, with 
a response rate of 17% (one complete and 14 partial 
responses). Again, mucocutaneous toxicity was problem- 
atic, but other toxicities were uncommon (Gordon et al 
2000). In an attempt to develop a more tolerable regimen, 
Markman et al (2000) treated 49 patients with treatment- 
refractory ovarian, fallopian tube or peritoneal carcinoma 
with 40 mg m' 2 Doxil/Caelyx every 4 weeks. In this case, 
there were reduced rates of mucocutaneous toxicity, but 
the response rates were also lower at 9% (4 of 44) of 
eyaluable patients. In a further study, 63 patients with 
gynaecological cancers, the majority of whom had treat- 
ment-refractory ovarian cancer, received 50 mg nT 2 
Doxil/Caelyx every 4 weeks (Israel et al 2000). In patients 
with measurable disease, the response rate was 19% . 
Furthermore, in those patients with elevated tumour 
marker (CA- 125) levels, the response rate was 59% . Again, 



the same patterns of predominantly mucocutaneous tox- 
icity were documented. 

Activity of Doxil/Caelyx has also been reported in 
patients with breast cancer (kansbri et al 1997 ; Lyass etal 
2000;.Schwonzen fctal 2000). Ranspn et al (1997);reported . 
the effect of Doxil/Caelyx in 71 ahthracycline-naive womien 
with stage IV breast cancer. In a rather complex study 
design, patients received 45-60 mg m" 2 every 3 to 4 weeks 
to a maximum of 6 cycles. The overall response rate was 
31% and the same number of patients had disease stabi- 
lization on treatment. It was determined that a dose of 
45 mg m~ 2 every 4 weeks was well tolerated and that dose- 
limiting cutaneous toxicity precluded the delivery of more 
dose-ihtense regimens. In a similar dose^fulding iand thera- 
peutic study-' Lyass et al (2000) treated 45 patients with 
metastatic breast cancer who had all received chemo- 
therapy. Six separate dose schedules were evaluated ranging 
from 35 mg nT 2 every 3 weeks to 70 mg nT 2 eVery 6 weeks. 
Pharmacokinetic parameters were measured in represen- 
tative patients from! each dose schedule and toxicity was 
found to be idose and schedule dependent. Objective re- 
sponses wereiseeri in 20 % (9 of 4$) of patients* with another 
20 patients showing either minor response or disease stabi- 
lization. Moire recent studies; have fpcussed on theuse '-of 
liposomal doxorubicin with radiotherapy and/or hyper- 
thermia in patients with local ^recurrence: (Dvorak et al 
2001 ; Kouloulias et al 2002). 

Doxil/Caeiyx has also been evaluated in patients with 
recurrent or ^netaistatic head and neck cancer (Capohigro 
et al 2000). Tjwenty-four patients were treated at escalating 
drug doses between 30ingm~? arid 50mgm~ 2 every 3 
weeks. As with the other studies repdrted, dose-liniiting 
toxicity was mucocutaneous and the maximum tolerated 
dose was 45 mgnT 2 . The response rate was 33% (8 of 24). 
Significant activity of this drug was also reported in patients 
with newly diagnosed, treatment-naive head and neck 
cancer (Harrington et al 2001b). Twenty patients were 
treated, with 10 receiving 2 cycles of 40 mgm" 2 every 3 
weeks before starting radical radiotherapy, and subsequent 
patients receiving a third escalating dose of 10, 15 or 
20 mg m~ 2 3 days before starting radiotherdpy- Nine of 18 
(50% ) evaluable patients responded to treatment. Signifi- 
cantly, there were no drug-reliateid delays to; the delivery of 
radiotherapy, and local radiations-induced tjoxicity was not 
exacerbated. In a different appi|oach, .Doidl/CaelyX was 
administered at escalating doses between jlO mgm -2 and 
25 mg nT 2 every 2 weeks concomitant with radiotherapy to 
patients with head and neck and lftng cancers (Koukourakis 
et aJ 1999). Treatment! was well 'tolerated, although dose- 
limiting exacerbation of mucosal toxicity occurred in the 
patients with head and neck cancer at 20 mg m" 2 . 

Wollina et al (2000), in an attempt to explbit the tendency 
of this agent to localize to the skin, demonstrated significant 
activity of Doxil/Caelyx in six patients! with relapsed 
cutaneous T-cell lymphoma. Five of six patiferits responded 
(83 % ), with four complete responses and one . partial 
response. In a f Ilow-up report, they presented data for 10 
patients. There were six complete and two partial responses, 
with stable disease in one other patient. Response durati n 
was i5 months and progression-free survival was 18.2 
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.months! (Wollina et al 20Ql).Toma et al (2000) reported a 
modest response rate of 12% (3 of 25) in patients with 
advanced pre-treated soft tissue sarcomas who received 
30-50 mgm~ 2 every 3 weeks. Significantly, 6*8% (17 of 25) 
of the patients achieved temporary stabilization of their 
disease!. O'Brien et al (1998) reported their experience of 
treating 19 patients with small cell lung cancer with Doxil/ 
Caelyx at a dose of 50 mg m" 2 every 4 weeks. The majority 
of patients had been treated previously with platinum- 
containing combination regimens. In the 10 patients who 
were evahiable for Response, there were three partial re- 
sponses and a further four patients had disease stabiliz- 
ation. 

In contrast to the encouraging data presented above, 
Doxil/Caelyx has been shown to possess no significant 
activity against hepatocellular (Halm et al 2000), renal cell 
(Pennington.etial 1998), pancreatic (Yipetal 1999; Hklford 
et al 2001), " gastric (t nomas et al 2001) arid colorectal 
(Shields et al 2001) cancers. Trials have also reported poor 
activity of this ; drug in patients with advanced soft tissue 
sircomias (Elsbn et al 199S ; Skiibitz 1998). The preliminary 
results of a randomised phase .11 trial of Dbxil/Caelyx 
versus doxorubicin in; patients with sarcomas have shown 
equivalent response rates but significantly less toxicity with 
the ^ Jiposomal agent ;(Judson et al 2001). In addition, 
prelhninary phase I atnd Hj studies have been conducted 
using Doxii/Caelyx in cbrnbiriation with other cytotoxic 
agents, including paciit^el (Israel et al 1998 ; Langley bt al 
1998; Sch^onzWet al iOOO-; Maivroudis et al 2002), dpce- 
taxel (Malik et al l^j8^ c^latjn. (Klein et al 1998) land 
vinorelbine (Laufmari et al ;199fif • Ramirez et al 1998). A 
combination regimen of vincristine, Doxil/Caelyx and 
dfexaimethason& Was $hqwu ! to exert significant activity in 
12 ejderly patients with mtxltipje myeloma (Tsiara et al 
2000) and offers the potential Of avoiding the need for 
infusipnal doxorubicin: thetapy! in such patients. Eight 
patients achieved complete haeniatological remission and 
three patients had a partial response. Treatment was given 
on an ambulatory basis and was' well tolerated. 

In addition to the potential therapeutic benefits of lipo- 
somal formulation, Doxii/Caelyx has been shown to reduce 
the familial acute and; chronic adverse dFects of unencap- 
sulated doxorubicin. Nausea and vomiting is a frequently 
encountered toxicity of unencapsulated doxorubicin, but is 
considerably reduced after treatjment with Doxil/Caelyx 
(Harrison et al 1995 ; Muggia et al 1997 ; Ranson et al 1997 ; 
Stewart et al 1998). Simflariy, njarked alopecia is almost 
inv^ri^ble sifter prolonged treatment with unencapsulated 
doxorubicin, but is uncommon (< 10% ) in patients treated 
with Ooxil^Caelyx (Harrison et al 1995; Muggia et al 
1997 ; Ranson et al 19$7 ; Northfelt et al 1998 ; Stewart et al 
199&; Gordon et al 2000; Israel et al 2000). Local ex- 
travasation of free doxorubicin generally causes severe 
tissue inflainmation and even necrosis (Rudolph et al 1976), 
but ! this vesicant activity of the drug is abrogated by 
encapsulation within a p^gylated liposome (Madhavan & 
Noithfelt 1995; Muggia ; et al 1997 ; Lotem et al 2000). 
More importantly, the chronic dose-limiting toxicity of 
doxbrubicin therapy is cardiac damage, resulting in a 
dilated cardiomyopathy. In general, cumulative life-time 



doses, below a threshold of 550 mg m" 2 are associated with 
a 16^ risk of cardiomyopathy, although the incidence rises 
sharply beyond this dose, effectively imposing a ceiling on 
the drug dose that may be given safely (von Hcff et al 
1979). The incidence of clinically significant doxorubicin- 
induced cardiotoxicity is considerably reduced by entrap- 
ment of the agent within: pegylated liposomes, . probably 
because the circulating drug is not bioayailable to the 
cardiac myopes, resulting in decreased peak drug con- 
centration and reduced total drug exposure. As a result, 
total doses of up to 440-840 mg m~ 2 have been tolerated 
without causing clinically significant cardiac dysfunction. 
In a recent study, the pathological changes seen On endor 
myocardial biopsy for a group of 10 patients who had 
received doses of Doxil/Caelyx ranging from 400 to 
>700mgm~ 2 were compared with a matched control 
group who had received unencapsulated doxorubicin. The 
patients who had received the liposomal formulation 
showed significantly less evidence of damage than; those 
who had received the free drug (Berry et al 1998 ; Speyer & 
Wasserheit 1998)/ : 

Alteration of the pharmacokinetics and bipdistribution 
of agents by encapsulation witnurpegylated liposomes has 
been associated with novel toxic dfects. In particular, 
plantar-palmar erythrodysaesthesia (PPE) or "hand- 
foot" syndrome isjseen in patipnts treated with ^repeated 
doses of Doxil/Caielyx. This toxicity, whiph niaiifests as' 
painful swelling anjd erythema of the hands, feet* intertri- 
ginous areas and site? of trauma; is thought to : b<e the result 
of accumulation of!hpbsomal doxorubicin in thelskin, with 
the effect of deliverijrig a!prolpnge4 drug exposure (Gordon 
et al 1995; Ix)tem et al 2000). A similar njucosaj toxicity 
associated with aphthous ulceration in the mouth is also 
seen in association with PPE. Together, these mucocu- 
taneous manifestations represent the main dose-limiting 
adverse events of 'poxil/Caelyx. A study by Vail et al 
(1998) has assessed the value of pyridoxine in the prevention 
of PPE in dogs, Djogs with biopsy-confirmed npn-Hodg- 
kin's lymphoma ware treated with Doxil/Caelyx at a dose 
of 1 mg kg' 1 and werle randomly allocated to receive either 
oral pyridoxine (50 mg) 3 times a day or placebo. The 
relative risk of developing PPE was 4.2-times greater in the 
dogs treated with placebo. This was associated with pyri- 
doxine-treated dogs receiving a greater dose intensity of 
Doxil/Caelyx and^ljiaving a trend towards a better relapse- 
free survival. In addition, ergotamine administered subcu- 
taneously in rats receiving Doxil/Caelyx has been shown 
to reduce the incidence of PPE (Colbern et al 1998a). These 
authors have also conducted a study in mice bearing Lewis 
lung cancer xenograft tumours, which has demonstrated 
that the use of prophylactic pyridoxine does not affect the 
efficacy of Doxil /(tlaelyx. However, ergotamine was as- 
sociated with a dose-dependent fall in the therapeutic effect 
of Doxil/Caelyx. As yet, there have been no published 
studies of the effect of thes or other agents on the incidence 
of PPE in patients. Topical 99% diniethylsulfoxide, which 
has been shown to reduce tissue reactions following ex- 
travasation of doxorubicin, has also been shown to have 
some activity against PPE in a non-randomized study 
(Lopez et al 1999). 
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Pegylated liposomal cisplatin (SPI-077). Pegylated lipo- 
somal cisjdatin (SPH)77 ; SEQUUS Pharmaceuticals Inc.) 
is a SULV with a mean (jiametef of 110 nm. It .has. the 
following composition (values stated as.% molar ratio): 
5LG% HSPC,44;0%: cholesterol and 5.0% MPEG-DSPE, 
and contains 14 jig cisplatin (mg lipid)" 1 . Pharmacokinetic 
and preliminary, toxicity data for this drug preparation 
have been reported in abstract form (DeMario et al 1998). 
Fourteen patients received escalating doses : up to 
120 mg m r2 , with no evidence of myelosuppression, neuro- 
toxicity or renal daniage. The volume of distribution of the 
drug was equivalent to plasma volume and the estimated 
half-life was about 60 h. Analysis of plasma ultrafiltrate 
revealed ho unencapsulated cisplatin, confirming the stab- 
ility of this liposomal formulation. A dose-escalation study 
has beep pbrjfpnned in ; patients with non-small cell lung 
cancer, in wMch'dosieS of SPI-077 up to 260 mg m~ 2 were 
administered : in combiimtion with paclitaxel, without evi- 
dence of; dose-limiting platinum-induced toxicity (DeVore 
et al 1999). A phase l/II study has been conducted in 18 
patients with bea^to 

squamous cell- ;carcin6ma of the head ) and neck, who 
received ^ cycles of tx&tment at doses of 200-260 mg m" 2 
before cpmnieik&g radical radiotherapy (Harrington et al 
2001c). faeatinent was very! well tolerated, with no hae- 
rniatological, ! refial, hepatic or neurological toxicities, but 
there were partial resppnses in only two patients (1 1 % ). In 
view of j thes0 c^jatai and the in-vitro evidence that this 
liposome has veijy slow release kinetics, further evaluation 
of this particular formulation may not r>e warranted. 

Conclusions 

Following a somewhat protracted period of development, 
hposomaHy targeted cytotoxic drugs appear to be on the 
point of booming an established component of our arma- 
mentarium in the treatment of cancer. The initial wave of 
anthracycline agepts; (DkunoXbme, Doxil/Caelyx, TLC 
D-99) has provided proof of principle that these prepara- 
tions can= alter the efficacy and toxicity profiles of the 
parent compound. As a result of these initial successes, 
other agents (platins and vinca alkaloids) have entered 
preliminary clinical trials and new liposomal preparations 
of campto;thecins (^Cpshkina et al 2000 ; Verschra^geh et al 
2000) and topoisdmerase inhibitors (Colbepi et al 1998b; 
Emerson et al 2006) are under investigation. ■ In addition to 
the delivery of conventional cytotoxic drugs, there exists 
the possib^ty of eii^psulatihg other groups lof compounds 
such as radiation sensitizers (Harrington et |al 199&), cyto- 
kines (Kohno et aJ ; 1991) and imrhunomodiilators (Malik 
et al 1991) within liposoines. Such possibilitibs are likely to 
ensure that the field- of liposomal dru£ delivery will remain 
an active area of research ifor the foreseeable future. 
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